Abstract: Assuming two Higgs doublet model (2HDM) at SM-like scenario as the theoretical framework, this study addresses the question of observability of heavy neutral CP-even and CP-odd Higgs bosons H and A at a linear collider operating at √ s = 1 TeV. The signal production channel is e − e + → AH → ZHH with subsequent leptonic decay of the Z boson and Higgs bosons decays into b quark pairs. Therefore, to be specific, type-I 2HDM is used to allow dominant Higgs boson decay to b-quark pairs below the top quark pair production threshold. Two benchmark points with mass ranges 150 ≤ m H ≤ 200 and 250 ≤ m A ≤ 300 are simulated. The relevant energy and momentum smearing is applied and appropriate selection cuts are imposed to enrich signal events. Results indicate that both Higgs bosons are observable with signals exceeding 5σ significance with possibility of mass measurement at the integrated luminosity of 500 f b −1 .
Introduction
The standard model (SM) of elementary particles has been verified by many experiments and played an important role in understanding a wide range of phenomena. Existence of the Higgs boson [1] [2] [3] [4] [5] [6] as one of the most important predictions of the standard model was verified experimentally [7, 8] and triggered an increasing interest in studying SM extensions. Extensions of the SM are also motivated by supersymmetry [9] , axion models [10] , the SM inability to explain the universe baryon asymmetry [11] , etc. The standard model uses the simplest possible scalar structure with one SU (2) Higgs doublet. Such an assumption leads to the prediction of a single Higgs boson. However, employing two SU (2) Higgs doublets leads to a kind of SM extension which may resolve the present unsolved problems of the physics.
As one of the simplest extensions of the standard model, two-Higgs-doublet model (2HDM) [12] [13] [14] [15] [16] [17] [18] [19] has emerged as an important candidate which predicts five Higgs bosons, four of which are assumed to be, yet undiscovered, Higgs bosons and the fifth one (the lightest one) is assumed to be the same as the observed SM Higgs boson. Prediction of the existence of five Higgs bosons is a direct consequence of assuming two SU (2) Higgs doublets in this model. Two out of the four undiscovered Higgs bosons are neutral scalar and pseudoscalar Higgs bosons H and A, and the others are charged Higgs bosons H ± . This paper focuses on the neutral Higgs bosons H and A in the context of the Type-I 2HDM at SM-like scenario and addresses the question of observability of these Higgs bosons at a linear collider operating at the center-of-mass energy of √ s = 1 TeV. Type-I 2HDM is one of the four types of the 2HDM which naturally conserve flavor and are derived from imposing the discrete Z 2 symmetry.
In this study, the process e − e + → AH → ZHH → ¯ bbbb, where ¯ is an electron or a muon pair, is assumed as the signal process. The decay mode H → bb is motivated at high tan β by the significant enhancement compared to other modes. This is due to the fact that Higgs-fermion couplings are proportional to the same cot β factor which is canceled out when branching ratios of Higgs boson decays are calculated. Therefore as long as the Higgs boson mass is below the on-shell production of the top quark pair production, H → bb remains dominant. Despite having a small branching ratio (≈ 0.066), the decay mode Z → e − e + or µ − µ + is chosen for signal to benefit from the clear signature electrons and muons provide at linear colliders.
To investigate the observability of the signal, two benchmark points in the parameter space of the Type-I 2HDM are assumed to search for heavy neutral CP-even and CPodd Higgs bosons H and A with the help of appropriate selection cuts. We finally try to reconstruct masses of the Higgs bosons. Results indicate that, for both benchmark points, the Higgs bosons H and A are observable at a 1 TeV collider with 5σ signals at integrated luminosities 46 and 112 f b −1 respectively.
In what follows, we provide a brief introduction to the 2HDM and its flavor conserving types, and then the signal and background analysis and results will be provided.
Two-Higgs-doublet model
A general 2HDM assumes the Higgs potential to be
where Φ 1 and Φ 2 are SU (2) Higgs doublets. Employing the extended scalar structure with two Higgs doublets leads to the prediction of three neutral Higgs bosons h, H and A, and two charged Higgs bosons H ± . h and H are scalar CP-even bosons and A is a pseudoscalar CP-odd boson. Working in the "physical basis", physical Higgs masses, tan β, CP-even Higgs mixing angle α, m 2 12 , λ 6 and λ 7 are parameters of the model and must be determined [12] . m 2 11 and m 2 22 in the Higgs potential 2.1 are determined by the minimization conditions for a minimum of the vacuum once tan β is determined. Imposing discrete Z 2 symmetry [14] [15] [16] to avoid tree level flavor-changing neutral currents (FCNC) implies that the values of the parameters λ 6 , λ 7 and m 2 12 must be zero. However, setting λ 6 , λ 7 to zero and allowing a non-zero value for m 2 12 , Z 2 symmetry is softly broken in 2HDM. Imposing Z 2 symmetry restricts Higgs coupling to fermions and implies that there are four types of the 2HDM which naturally conserve flavour. Table 1 shows how Higgs doublets couple to fermions in different types. The types "X" and "Y" are also called "lepton-specific" and "flipped" respectively. Applying the coupling prescription of table 1, Higgs-fermion interaction part Table 2 provides ξ X Y factors corresponding to different types. In order to respect experi- mental observations, it is assumed that the lightest Higgs boson h predicted by the 2HDM is the same as the discovered SM Higgs boson and thus the SM-like scenario is chosen by assuming sin(β − α) = 1 [12] . Therefore the h-fermion couplings of the Yukawa Lagrangian of the 2HDM reduce to the corresponding couplings of the standard model. As a result, the neutral Higgs part of the Yukawa Lagrangian takes the form [20] 
where ρ X factors are given in table 3. Different types of the 2HDM show different character- istics [18] due to the difference among the factors. As table 3 shows, factors corresponding to the Type-I 2HDM increase as tan β decreases. Such a behaviour is one of the motivations behind working in low tan β regime in the context of this type.
Signal process
The signal process is assumed to be e − e + → AH in the context of the 2HDM Type-I . The Higgs bosons are selected with different masses to provide possibility of A → ZH decay. Scenarios with equal masses were studied earlier leading to promising results under the same collider conditions [21] . The two scalar Higgs bosons then decay like H → bb which is dominated in 2HDM Type-I and the Z boson undergoes Z → ¯ decay where ¯ is an electron or a muon pair and b is the bottom quark. The center-of-mass energy of √ s = 1 TeV is assumed for the initial collision at a linear collider. Two benchmark points with different mass hypotheses are assumed as shown in table 4. The physical mass of the H Higgs boson is assumed to take values 150 and 200 GeV, and the mass splitting between H and A Higgs bosons is assumed to be 100 GeV for on-shell Z boson production. The chosen Higgs boson masses are checked to be consistent with results of 86 analyses with the use of HiggsBounds 4.3.1 [22] and HiggsSignals 1.3.0 [23] . The value of tan β is also set to 10 for both benchmark points. For each scenario there is a range of m 2 12 parameter (quoted in Tab. 4) which satisfies theoretical requirements of potential stability [24] , perturbativity and unitarity [25] [26] [27] [28] which are all checked using 2HDMC 1.7.0 [29, 30] .
Masses of the Higgs bosons A and H ± are assumed to be equal for both of the benchmark points to make sure that the experimental constraint [31, 32] is satisfied. This experimental constraint resulted from the measurement performed at LEP [33] and puts a limit on the deviation of the parameter ρ = m 2 value. Since it is demonstrated that the deviation of this parameter is negligible if any of the conditions [34, 35] 
is satisfied, the assumed benchmark points are guaranteed to be consistent with the mentioned experimental constraint. Flavor physics data constrains charged Higgs mass by the limit m H ± > 480 GeV in the Type-II and Type-Y 2HDM [36, 37] . However, since the charged Higgs coupling to quarks in the Type-I 2HDM depends on cot β and differs from the same coupling in the Type-II and Type-Y 2HDM, the mentioned constraint does not limit choice of charged Higgs mass in this study. The assumed benchmark points are totally consistent with the results of ATLAS direct investigation [38] on 2HDM. Moreover, as indicated in [39] [40] [41] , the limits m A ≥ 93.4 GeV and m H ± ≥ 78.6 GeV are already satisfied by the current analysis. The LHC experiments have recently excluded the region m A/H = 200 − 400 GeV for tan β ≥ 5 [42, 43] . However, since the Type-I 2HDM differs considerably from the MSSM in structure, mass hypotheses in this study are not required to satisfy these conditions. Therefore, it can be concluded that the assumed benchmark points satisfy all of the theoretical and experimental constraints and can be used to generate signal events. According to the full Lagrangian of the Type-I 2HDM, the Z-H-A vertex depends on sin(β − α) which is assumed to be unity in the SM-like scenario. This vertex appears both in the production process, i.e., e + e − → Z * → HA and the subsequent decay A → ZH. Therefore the production process followed by A → ZH decay is independent of tan β as long as sin(β − α) = 1. We obtain BR(A → ZH) 0.998 and BR(H → bb) 0.71 for the two benchmark scenarios using 2HDMC 1.7.0. According to the signal process, the produced Z boson annihilates into a lepton pair (µ − µ + or e − e + ). Branching ratio of this decay mode (≈ 0.066) is so small compared with the hadronic decay mode. Despite this fact, the leptonic decay is chosen since leptons provide a simple and clear signature at linear colliders and this feature can compensate for the smallness of the branching ratio. Each signal event results in two H Higgs bosons which are assumed to decay into b quark pairs. The resulting b quarks annihilate into hadronic jets which are used to reconstruct the Higgs boson. Reconstruction of the H and Z bosons is then followed by A reconstruction as fully discussed in the following sections. Table 5 shows signal process cross section corresponding to the assumed benchmark points obtained by PYTHIA 8.2.15 [44] . As seen, the benchmark point with heavier Higgs BP1 BP2 Signal cross section [fb] 0.338 0.207 Table 5 : Cross section of the signal process assuming different benchmark points. masses corresponds to the smaller cross section. Therefore, observing the heavier Higgs boson is expected to be more difficult. Background processes contributing to this analysis include top quark pair production, W ± pair production, Z pair production and Z/γ production. Cross sections corresponding to the background processes are also obtained by PYTHIA 8. 
Analysis
To generate signal events, basic parameters of the model are generated in SLHA (SUSY Les Houches Accord) format by 2HDMC 1.7.0 and the output is passed to PYTHIA 8.2.15 for event generation. Background events are also generated by PYTHIA 8.2.15. Based on the characteristics of the signal and background events, appropriate event selection cuts are applied to enrich signal events. FASTJET 3.1.0 [45, 46] is used to perform jet reconstruction. According to properties of the jets, anti-k t algorithm [47] with the cone size ∆R = (∆η) 2 + (∆φ) 2 = 0.4 is employed. Here, η = −ln tan(θ/2) and φ (θ) is the azimuthal (polar) angle with respect to the beam axis. After jets are identified, jet energy smearing is applied to jets according to energy resolution σ/E = 3.5 % [48] . Jets are required to satisfy the conditions
where p T is the transverse momentum. Counting jets in each event results in jet multiplicity distributions as shown in Fig. 1(a) . Based on the obtained distributions, the condition
is applied, where N jet is the number of jets. Applying the b-tagging algorithm to jets, the b-jet multiplicity distributions are obtained as shown in Fig. 1(b) . The b-tagging method is based on b-tag efficiency, c-jets mis-tag rate and light jets mis-tag rate assumed to be 0.7, 0.07 and 0.003 respectively [48] . Based on the distributions of Fig. 1(b) , the selection cut
is applied to include events with at least three b-jets. Leptons (electrons and muons) present in the events are identified and momentum smearing according to the momentum resolution σ p T /p 2 T = 2 × 10 −5 GeV −1 [48] is applied to them. Counting the number of electrons and muons which satisfy the conditions p T e,µ ≥ 5 GeV, |η e,µ | ≤ 4, (4.4) the number of di-leptons is obtained. A di-lepton can be a di-electron or a di-muon. Figure 2 shows the obtained di-lepton multiplicity corresponding to different processes. The selection cut 5) where N ¯ is the number of di-leptons, is now applied to rule out events with no di-lepton. Events with at least one di-lepton are then subject to conditions
where I.M. ¯ is the invariant mass of the di-lepton. An event is selected if it has a di-lepton satisfying these conditions. Analyzing the b-tagged jets, decay products of the H Higgs bosons are identified. In each event, the parameter
is computed for all possible b-jet pairs and the pair for which the ∆R value is minimized, is identified as the true pair which originates from the H Higgs boson. Computing the invariant masses of the identified true b-jet pairs, H Higgs mass is reconstructed and a mass distribution is obtained as fully discussed later. Having reconstructed the H Higgs boson, another selection cut is applied to events and then the A Higgs boson mass will be reconstructed. Events which satisfy any of the conditions N bb ≥ 2, 8) where N bb is the number of identified true b-jet pairs, pass the selection cut. ∆R(ZH) is the spatial distance (defined by Eq. 4.7) between the reconstructed H boson (originating from the b-jet pair) and the reconstructed Z boson (originating from the di-lepton). Therefore, events with two or more true b-jet pairs, and events with one true b-jet pair which satisfy ∆R(ZH) ≤ 1, survive the last selection cut.
In events with one b-jet pair, computing the invariant mass of the b-jet pair and the lepton pair reults in a value for the mass of A boson. In events with two b-jet pairs, the b-jet pair which its corresponding reconstructed H boson has smaller spatial distance (see Eq. 4.7) from the reconstructed Z boson (originating from the di-lepton) is identified as the decay product of the A Higgs boson. In such events also a value for the A boson mass is obtained as the invariant mass of the identified b-jet pair and the lepton pair.
Event selection efficiencies corresponding to the applied selection cuts are provided in tables 7 and 8. H and A candidate mass distributions are obtained after four and five cuts respectively. Total efficiencies corresponding to the first four cuts and all the five cuts are also provided.
BP1
BP2 processes are shown separately and the signal contribution can be seen as a significant excess of data on top of the standard model background. The W W process has the least contribution because of the perfect suppression due to the second and third selection cuts as seen in table 8. Normalization of the distributions is based on L × σ × , where L is the integrated luminosity which is assumed to be 500 f b −1 , σ is the cross section which is taken from tables 5 and 6, and is the total efficiency. Total efficiencies used for normalizing A mass distributions are taken from the last rows of tables 7 and 8. However, total efficiencies corresponding to the first four selection cuts of tables 7 and 8 cannot be used to normalize H mass distributions since the number of reconstructed H Higgs bosons in events surviving Fitting results of the signal plus background and background distributions are also shown in Figs. 3 and 4 . Fitting results are obtained by ROOT 5.34 [49] and the fit function used for the signal plus background distribution is a combination of the polynomial and gaussian functions. A polynomial function is first used as the fit function for the total background distribution and is then used as input for the total signal plus background fit. The Higgs boson reconstructed masses can be read from the "mean" parameter of the Gaussian function assumed as the signal distribution function.
Obtaining values of the "Mean" parameter, reconstructed masses of the Higgs bosons H and A are found and provided in table 9.
The difference between generated and reconstructed masses of table 9 can be due to the uncertainty arising from fitting method and choice of the fit function, jet reconstruction algorithm and jet mis-identification, btagging algorithm and jets mis-tag rate and also the errors in energy and momentum of the particles, etc. Optimization of the b-tagging algorithm, fitting method and also optimization of the jet reconstruction algorithm using MC truth matching tools can reduce the errors in the reconstructed masses. In addition to the mentioned error sources, electronic noise, pile up, underlying-events, etc, can give rise to more errors in obtained reconstructed masses in case of real experiments, and thus a careful correction must be applied. Since the mentioned corrections lie beyond the scope of this paper, a simple off-set correction is applied to the obtained reconstructed masses as follows. On average, reconstructed masses of the H and A Higgs bosons are 21.07 and 25.77 GeV smaller than the corresponding generated masses respectively. To apply the off-set correction, reconstructed masses of the H and A Higgs bosons are increased by the same values respectively. Table  10 provides the corrected reconstructed masses of the Higgs bosons. The errors are statistical but include also sources of uncertainties from the jet and track energy and momentum resolutions assumed in the analysis.
Signal significance
Using the Higgs candidate mass distributions of Figs. 3 and 4 , signal significance is obtained to assess the observability of the Higgs bosons. A mass window cut is applied to distributions and the signal significance is computed by counting signal and background events which pass the mass window. The mass window is determined by maximizing the signal significance. The integrated luminosity at which computation is performed is set to 500 f b −1 . However, it is indicated that the Higgs bosons are also observable at lower luminosities. The minimum required integrated luminosities at which the Higgs bosons are observable with 5σ signals are also computed and provided as "5σ integrated L.". Table 11 provides computation results, namely mass window and the corresponding efficiency, signal selection total efficiency, number of signal (S) and background (B) Higgs candidates which pass the mass window, signal to background ratio, signal significance and 5σ integrated luminosity. According to the results, it is indicated that for both of the benchmark points, both of the Higgs bosons H and A are observable with signals exceeding 5σ at the integrated luminosity of 500 f b −1 and the minimum required integrated luminosity at which the Higgs boson H (A) is observable is 46 (112) f b −1 . Mass measurement is also possible for both of the Higgs bosons. As seen, minimum required integrated luminosity for observing the heavier Higgs boson is higher. This is because of the fact that cross section of the Higgs production varies inversely as the Higgs mass.
Conclusions
The signal process chain e − e + → AH → ZHH → ¯ bbbb, where ¯ is a di-electron or a di-muon, was investigated to assess the observability of the CP-even (H) and CP-odd (A) Higgs bosons in the framework of the Type-I 2HDM at SM-like scenario. Electronpositron annihilation is assumed to occur at the center-of-mass energy of √ s = 1 TeV at a linear collider. The signal benefits from large enhancements due to the decay modes A → ZH and H → bb at a relatively low tan β value. The leptonic decay Z → ¯ is assumed to benefit from the clear signature of leptons at lepton colliders. Two benchmark points with different mass hypotheses in the parameter space of the Type-I 2HDM were simulated and analysed with the help of characteristics of the signal and background events and appropriate selection cuts. Physical mass of the Higgs boson H (A) is assumed to vary in range 150-200 GeV (250-300 GeV). Jet energy smearing was performed according to the energy resolution σ/E = 3.5 %. Momentum smearing was also applied to leptons according to the momentum resolution σ p T /p 2 T = 2×10 Table 11 : Generated mass, optimized mass window cut and associated efficiency, signal total efficiency, number of signal and background Higgs candidates after all cuts, signal to background ratio, signal significance, assumed integrated luminosity, and the integrated luminosity at which the Higgs boson is observable with a 5σ signal (5σ integrated L).
then extracting the value of the "mean" parameter of the gaussian fit function. Signal significance was also computed to assess observability of the Higgs bosons. Results indicate that for both of the assumed benchmark points, Higgs bosons H and A are observable with signals exceeding 5σ at the integrated luminosity of 500 f b −1 . Mass measurement is also possible for both of the Higgs bosons. Moreover, it was shown that the minimum required integrated luminosities at which the Higgs bosons H and A are observable are 46 and 112 f b −1 respectively. Since such luminosities are accessible to future linear colliders, this study is expected to serve experimentalists well in search for Higgs bosons in the context of 2HDM.
